Prenatal cocaine exposure impairs brain development and produces lasting alterations in cognitive function. In a prenatal cocaine exposure mouse model, we found that tangential migration of GABA neurons from the basal to the dorsal forebrain and radial neuron migration within the dorsal forebrain were significantly decreased during the embryonic period. The decrease in the tangential migration occurred early in gestation and normalized by late gestation, despite ongoing cocaine exposure. The decrease in radial migration was associated with altered laminar positioning of neurons in the medial prefrontal cortex. The cocaine exposure led to transient decreases in the expression of Tbr2 and Tbr1, transcription factors associated with intermediate progenitor cells and newborn neurons of the dorsal forebrain, respectively, although neurogenesis was not significantly altered. Since cocaine can modulate brain derived neurotrophic factor (BDNF) expression in the mature brain, we examined whether cocaine can alter BDNF expression in the embryonic brain. We found a transient decrease in BDNF protein expression in the cocaine-exposed embryonic forebrain early in gestation. By late gestation, the BDNF expression recovered to control levels, despite ongoing cocaine exposure. In basal forebrain explants from cocaine-exposed embryos, cell migration was significantly decreased, corroborating the in vivo data on tangential GABA neuron migration. Since BDNF can influence tangential neuronal migration, we added BDNF to the culture medium and observed increased cell migration. Our data suggest that cocaine can alter tangential and radial neuronal migration as well as BDNF expression in the embryonic brain and that decreased BDNF may mediate cocaine's effects on neuronal migration.
Introduction
Fetal exposure to cocaine is associated with cognitive impairment in later life, including impaired attention, learning, executive function, and language (Chasnoff et al., 1989a,b; Chiriboga et al., 1993 Chiriboga et al., , 2009 Delaney-Black et al., 1996; Kosofsky and Wilkins, 1998; Eyler et al., 2009) . Prenatal cocaine exposure decreases tangential migration of GABA neurons from the basal to the dorsal forebrain in mouse embryos (Crandall et al., 2004) , suggesting potential for impairment of GABA circuit development in the cerebral cortex of prenatally cocaine-exposed subjects. However, whether the decrease in GABA neuron migration represented a transient delay or a permanent deficit was not clear. Moreover, the mechanisms mediating cocaine's effects on neuronal migration also remained unclear. Since prenatal cocaine exposure can alter the structure and function of inhibitory GABA circuits in the postnatal cerebral cortex (Stanwood et al., 2001; Lu et al., 2009; Huang et al. 2011) , understanding the mechanisms mediating cocaine's effects on GABA neuron migration assumes added significance. Our earlier studies suggested that cocaine-induced impairment of dopamine receptor signaling in the basal forebrain (Kubrusly and Bhide, 2010) could lead to decreased tangential neuronal migration because activation of the dopamine receptors is sufficient to alter this type of neuronal migration (Crandall et al., 2007) . However, whether an intermediary signaling molecule can link cocaine, dopamine receptor signaling, and neuronal migration remained an important mechanistic question. Brain derived neurotrophic factor (BDNF) emerges as a candidate molecule that could fulfill the role of an intermediary because its expression is sensitive to dopamine receptor signaling (Kuppers and Beyer, 2001; Iwakura et al., 2008; Williams and Undieh, 2009 ) and cocaine exposure (Le Foll et al., 2002 , 2005 , and perhaps more importantly, BDNF can modulate GABA neuron migration (Polleux et al., 2002; Snapyan et al., 2009) . In this paper, we present evidence that BDNF signaling is one of the factors mediating cocaine's effects on GABA neuron migration.
The effects of cocaine on neurogenesis in the embryonic brain also remained incompletely resolved. Previous reports suggested that cerebral cortical neurogenesis in rat (Lee et al., 2010) and monkey fetuses may be affected by cocaine (Lidow and Song, 2001b ).
However, we did not find significant changes in cell proliferation in the mouse cerebral cortical neuroepithelium or ganglionic eminence as a result of cocaine exposure (Crandall et al., 2004) . Therefore, whether fetal exposure to cocaine can alter neurogenesis in the mouse brain remained unresolved. We address this question by direct examination of cell output in the forebrain neuroepithelium.
In the present study, using GAD67-GFP knock-in mice, we show that daily exposure to cocaine from embryonic day 8 (E8) until birth can decrease tangential and radial migration of neurons. Cocaine's effects on tangential neuronal migration appear to be associated with cocaine-induced transient decreases in BDNF levels in the basal forebrain. These data reveal a novel BDNF-associated mechanism for the effects of cocaine on GABA neuron migration and reveal BDNF as a molecule that can mediate cocaine's effects beginning early in the fetal period.
Materials and Methods
Animals. Heterozygote Swiss Webster GAD67-GFP knock-in mice (Tamamaki et al., 2003) and wild-type Swiss Webster mice were used. In the experiments involving the use of GAD67-GFP embryos, heterozygous GAD67-GFP mice and wild-type Swiss Webster mice were bred to obtain timed pregnancies. This mating paradigm eliminated production of homozygous knock-in mice that could have abnormal phenotypes (Tamamaki et al., 2003) . In the experiments involving postnatal mice, in which identification of GFP positive (GFPϩ) cells was not warranted, wild-type Swiss Webster mice were used. The day of vaginal plug detection was considered as E0 and the day of birth as postnatal day 0 (P0). A transplacental cocaine exposure paradigm described previously (Kosofsky et al., 1994; Wilkins et al., 1998; Crandall et al., 2004; Kubrusly and Bhide, 2010 ) was used to expose mouse embryos to cocaine twice a day beginning on the morning of E8. In this protocol, on the sixth day of pregnancy (corresponding to E6), pregnant dams of comparable weight were assigned to cocaine or saline groups. From E8 until the day before the mouse was killed, cocaine was injected subcutaneously to the mice in the cocaine group twice daily (7:00 A.M. and 7:00 P.M.; 20 mg/kg per injection; total daily dose, 40 mg/kg). Dams in the saline group received subcutaneous saline injections (same volume as the cocaine injection to the cocaine dams) twice daily at the same time that the dams in the cocaine group received their cocaine injections. The dams were housed singly in a temperature-and humidity-controlled environment on a 12 h light/dark cycle, with food and water available ad libitum.
The age of each embryo was ascertained by examination of the external morphological features (Theiler, 1972; Kaufman, 1992) . Embryos (or entire litters) that did not fulfill the criteria for a given age were discarded from analysis. All of the experimental procedures were in full compliance with institutional guidelines and the NIH Guide for the Care and Use of Laboratory Animals.
For analysis of the effects of prenatal cocaine exposure in P60 offspring, we cross-fostered the cocaine-exposed offspring to salineexposed dams within 2 d of birth so that any effects at P60 on the histological parameters to be measured could be attributed to prenatal cocaine exposure rather than potential changes in interactions between the cocaine-exposed dams and their offspring compared to their salineexposed counterparts. The offspring from all the mothers (i.e., saline or cocaine exposed) were weaned on P21.
Analysis of GABA neuron migration from the basal to the dorsal forebrain in the intact brain. Timed-pregnant GAD67-GFP knock-in dams crossed with wild-type Swiss Webster males and exposed to either cocaine or saline from E8 onward were anesthetized (ketamine, 50 mg/kg body weight; xylazine, 10 mg/kg body weight, i.p.) on the 13th, 15th, or 17th day of pregnancy. The embryos were removed by hysterotomy. GFPϩ embryos were identified GFP based on green fluorescence in the CNS visualized using GFP goggles (Biological Laboratory Equipment). The embryonic brains were removed and fixed by immersion in 4% buffered paraformaldehyde overnight at 4°C. The fixed brains were cryoprotected in sucrose and sectioned in the coronal plane at 20 m thickness on a cryostat. The sections were mounted on SuperFrost Plus slides (Fisher Scientific), coverslipped with aqueous mounting medium (Vectashield; Vector Laboratories) and examined in a Zeiss Pascal confocal microscope. Confocal images of GFPϩ cells were collected at 2.5 m thickness (see Figs. 1, 2) from the future prefrontal cortex (PFC) and medial prefrontal cortex (MPFC). The two cortical areas were identified based on anatomical landmarks. In the case of the E13 embryos, visual inspection of the images revealed significant differences between the saline-and cocaine-exposed embryos; no quantitative measurements were required (see Fig. 1 ). However, in the case of the E15 and E17 embryos, visual inspection did not reveal significant differences. Therefore, we counted GFPϩ cells within the PFC and MPFC separately for marginal zone (MZ), the cortical plate/subplate (CP/SP), and the intermediate zone (IZ) . The ventricular zone (VZ) and subventricular zone (SVZ) did not contain many GFPϩ cells at E15. Therefore, these two regions were not included in the analysis. The cell counts were performed within a rectangular grid of known area that encompassed each zone of the cerebral wall so that the number of GFPϩ cells could be expressed as number per unit area for each zone.
Immunohistochemistry. Cryostat sections of the brain were immersed in warm antigen retrieval buffer (Retrievagen; BD Pharmingen) and microwaved on high setting for a total of 10 min (two 5 min periods, separated by a 2 min interval). The slides were left in the warm antigen retrieval solution for another 20 min, then cooled to room temperature and washed three times with 0.5 M PBS. Nonspecific binding was blocked with 10% normal donkey serum, containing 0.3% Triton X-100 (to improve permeability) for 1 h at room temperature. Sections were then incubated overnight at 4°C with Tbr2, Tbr1 (rabbit polyclonal; Abcam) and Nkx2-1 (Epitomics) primary antibodies, each diluted 1:200. Following PBS washes, the sections were incubated at room temperature for 1 h with Cy3-or Alexa Fluor 488-tagged secondary antibodies (Jackson Immunoresearch and Invitrogen, respectively). Following additional PBS washes, the slides were mounted using Vectashield mounting medium (Vector Laboratories).
The sections were examined using a Zeiss Pascal confocal microscope. Uniform penetration of the antibodies throughout the section was ascertained by splitting the image of the 20-m-thick cryostat section into 2.5-m-thick digital sections and examining the quality of the immunofluorescence in each digital section. Only those cryostat sections in which each of the 2.5 m sections showed uniform labeling were included in further analysis. From each 20-m-thick section, two 2.5-m-thick digital sections were chosen randomly for analysis. Labeled cells were counted using a 20ϫ objective lens. A grid of known size that was subdivided into equal sized bins was superimposed on the images of the PFC and MPFC to encompass the regions of interest. The grid was positioned such that the long axes of the bins were parallel to the ventricular border. The individual bins were numbered and oriented in such a way that bin 1 was always closest to the ventricular border. Labeled cells within each bin were counted and expressed as numbers per grid. The numerical density of labeled cells was expressed as numbers per square micrometer.
Analysis of cell output. We analyzed cell output from the proliferative zones of the future PFC and MPFC by using a BrdU-Ki67 doublelabeling paradigm (Chenn and Walsh, 2002) . We injected BrdU (Sigma; 50 mg/kg, i.p.) into timed-pregnant mice carrying E12 or E14 embryos. The dams were anesthetized 24 h later, on E13 or E15, respectively, and the embryos were removed. The embryonic brains were fixed by immersion in 4% buffered paraformaldehyde overnight and cryoprotected in sucrose. The brains were sectioned on a cryostat at 20 m thickness in the coronal plane and the sections were processed for BrdU and Ki67 immunohistochemistry. The same immunohistochemistry protocol as that described above was followed except that before incubation with the primary antibodies (BrdU, rat monoclonal; Ki67, rabbit polyclonal; both from Abcam and diluted to 1:200) the sections were incubated in 2N HCl for 1 h at room temperature to hydrolyze the double stranded DNA into single strands and expose the BrdU antigen.
Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling analysis. We performed terminal deoxynucleotidyl transferasemediated dUTP-biotin nick-end labeling (TUNEL) analysis in E15 saline-or cocaine-exposed embryos. The embryos were collected from anesthetized dams and the embryonic heads were snap frozen in isopentane cooled to Ϫ4°C in liquid nitrogen. The frozen brains were sectioned on a cryostat in the coronal plane at a thickness of 20 m and processed for TUNEL histochemistry according to manufacturer's instructions (Roche Diagnostics). The sections were stained with ToPro3 (Invitrogen) to label DNA, coverslipped with Vectastain (Vector), and examined under the confocal microscope to analyze TUNELϩ profiles in the neuroepithelial and postmitotic regions of the basal and dorsal telencephalon. Each set of slides processed for TUNEL histochemistry included positive and negative controls.
Western blotting. Basal forebrain tissue was dissected from E13, E15, and E17 saline-or cocaine-exposed embryos, and Western blots were performed on whole-cell extracts using methods described previously (Sadri-Vakili et al., 2007 . Briefly, 20 mg of each sample was boiled in the presence of sample buffer for 5 min before separation on 10 -20% SDS-polyacrylamide gel, and proteins were transferred to nitrocellulose membranes. The nonspecific immunoreactivity was blocked with 5% nonfat dry milk dissolved in Tris-buffered saline containing 0.2% Tween 20 (TBST) for 60 min. The membranes were then incubated overnight at 4°C with anti-BDNF antibody (Aviva Systems Biology; diluted 1:700). The primary antibody incubation was followed by six washes (10 min; rocking; room temperature) in TBST before incubation with the secondary antibody (HRP-conjugated goat anti-rabbit IgG; Jackson ImmunoResearch Laboratories), six washes, and visualization using the ECL detection system (PerkinElmer New England Nuclear). The intensity of each BDNF band was normalized to the intensity of the corresponding GAPDH band, and an integrated density value (IDV) was calculated for each BDNF band using NIH Image J software. The IDVs for each age were compared between the prenatal treatment groups.
ELISA. Samples of E15 basal forebrain were lysed, homogenized, and diluted to 10 -20 g/l. The concentration of BDNF in the diluted lysates was quantified using the Chemikine BDNF Sandwich ELISA kit (Millipore Bioscience Research Reagents). The brain tissue samples and serial dilutions of BDNF standards were loaded in triplicate onto a microplate coated with rabbit anti-human BDNF polyclonal antibodies and incubated overnight at 4°C. After four washes, biotinylated mouse anti-human BDNF monoclonal antibody (1:1000) was added to the microplate for 2.5 h at room temperature. The plates were washed four times, and the strepavidin-enzyme conjugate was added to the plate and allowed to incubate for 1 h. After further washing, tetramethylbenzidine chromagenic substrate was added and 15 min later the reaction was stopped. The absorbance at 450 nm was measured with a plate reader. BDNF concentration in the tissue samples was quantified by comparing values to the prepared standard curve.
Analysis of cell migration in explants of the basal forebrain. Saline-or cocaine-exposed dams were anesthetized on the 13th day of pregnancy between 9:00 and 10:00 A.M. The embryos were removed by hysterectomy. The embryos were decapitated, and the heads were immersed in 8% agarose (type VII; Sigma). Coronal sections of the embryonic brains were cut at a thickness of 250 m on a Vibratome. A sterile biopsy punch (Miltex) was used to collect discs of medial ganglionic eminence (MGE) from the Vibratome sections. The use of Vibratome sections (rather than microdissection of the brain) ensured reliable identification of the MGE under a dissecting microscope for the purpose of collecting samples. Although the discs collected in this fashion contained MGE tissue and not tissue from the lateral ganglionic eminence (LGE), striatal differentiating fields adjacent to the MGE, which contain postmitotic cells, were included in the discs. Since MGE is a transient neuroepithelial structure containing exclusively proliferating cells (Bhide, 1996) , we have designated the explants as basal forebrain explants to indicate that postmitotic cells adjacent to the MGE were included in the explants. However, the explants did not contain the LGE or the tissue adjacent to the LGE.
The tissue discs were cultured in Matrigel (BD Biosciences) and neurobasal medium containing 2% B-27 supplement, penicillin, streptomycin, and glutamine. Recombinant human BDNF (Millipore Bioscience Research Reagents) was added to the culture medium (final concentration, 20 or 50 ng/ml) in a subset of explants from saline-or cocaineexposed embryos. The next morning (ϳ16 h after addition of BDNF), the medium was replaced with fresh medium containing BDNF. Following a total duration of ϳ24 h in culture, the explants were fixed with 4% paraformaldehyde for 2 h, washed with PBS, labeled with SYTO 60 (Invitrogen; diluted 1:1000 in PBS), and examined under phase contrast illumination to count migrating cells. The SYTO 60 labeling was used as a tool to help focus on a cell that was otherwise difficult to easily recognize under the phase-contrast illumination. In an initial screening, explants from saline-and cocaine-exposed groups that did not display cell migration or that displayed non-uniform migration of cells around the entire circumference of the explant were discarded. For each explant selected for analysis, an ocular grid was superimposed on the microscopic image of the explant and the field of migrating cells to isolate a 200 ϫ 400 m 2 sector in the field of migration. The grid was divided into 20 bins. The grid was placed such that bin 1 was closest to the edge of the explant and bin 20 was the farthest from the edge. Each bin was 20 ϫ 200 m 2 in size. For each explant, cells in two such grids were counted. The position of the first grid was determined at random, whereas the second grid was always positioned 180 o away from the first. We used four to six explants for each treatment group. We used four litters each from saline and cocaine groups.
Analysis of BrdU labeling in the P60 PFC and MPFC. To examine the distribution of a cohort of neurons generated on E15 in the P60 MPFC, a single injection of BrdU (50 mg/kg, i.p.) was administered to timedpregnant mice carrying E15 embryos. For these experiments, we used wild-type (not GAD67-GFP knock-in) mice. On P60, male mice were anesthetized and perfused via the heart with 4% paraformaldehyde in 0.1 M phosphate buffer. The brains were dissected and stored in the same fixative solution overnight at 4°C. The fixed brains were cryoprotected in sucrose, frozen using powdered dry ice, and sectioned in the coronal plane at 35 m thickness and processed for BrdU immunohistochemistry. The sections were examined in a Zeiss Pascal confocal microscope as described previously for the embryonic brain sections. Confocal images of the entire radial thickness of the PFC and MPFC were collected from sections with complete and uniform penetration of the fluorescence label. Numerical densities of cells labeled with BrdU were calculated throughout the cellular layers (Layers II to VI) using the bin method of analysis described earlier. We found that the majority of the BrdUlabeled cells were located in the upper layers (ϳ25% of the radial thickness) in both the PFC and MPFC and in both the prenatal treatment groups.
Statistical analysis. In each experiment, for each prenatal treatment condition, we used samples collected from not more than two embryos or postnatal mice from a given litter. We used two to six litters of mice from each prenatal treatment condition. Thus, we used data from four to six individuals (n ϭ 4 or 6) per prenatal treatment condition. Differences between prenatal treatment conditions were analyzed for statistical significance by using two-tailed Student's t test. When more than two groups of data were compared, one-way ANOVA was used followed by Tukey-Kramer pairwise comparison test.
Results

GABA neuron migration in the intact embryo
We analyzed the numbers of GFPϩ cells (presumptive GABA neurons) that had entered the dorsal forebrain in coronal sections of the brain from E13, E15, and E17 embryos exposed to cocaine or saline daily from E8 onward. In both sets of embryos, numerous GFPϩ cells were found in the basal forebrain at each of the three ages (Figs. 1, 2). As early as by E13, a stream of GFPϩ cells extended from the basal forebrain and entered the dorsal forebrain in both the experimental groups ( Fig. 1) . At E13, the GFPϩ cells were distributed along a lateral-to-medial gradient within the dorsal forebrain ( Fig. 1 A, B) . A casual inspection of the images revealed fewer GFPϩ cells in the dorsal forebrain of the E13 cocaine-exposed embryos compared to the saline-exposed embryos ( Fig. 1 A, B) . Moreover, the front of GFPϩ stream in the dorsal cerebral wall in the E13 cocaine-exposed embryos lagged behind that in the saline-exposed embryos ( Fig. 1 A, B, arrows) . The differences were more striking in the IZ than the marginal zone ( Fig. 1 A, B) .
A casual visual inspection of the sections did not reveal difference in the distribution of GFPϩ cells in the basal or the dorsal forebrain between cocaine-and saline-exposed embryos at E15 or E17 in the PFC or the MPFC (Fig. 2) . Numerous GFPϩ cells had reached the MPFC extending throughout the lateral-tomedial expanse of the dorsal cerebral wall in both the experimental groups at E15 and E17 (Fig. 2) . Since significant differences existed between saline-and cocaine-exposed E13 embryos, we used quantitative methods to determine whether differences in the GFPϩ cell numbers between the cocaine-and saline-exposed embryos persisted at E15 and E17.
We calculated the numerical density (number per square micrometer) of GFPϩ cells in the PFC and MPFC. These two cortical areas are adjacent to each other along the lateral-to-medial axis, with the MPFC located more medially than PFC. Since the lateral regions of the dorsal cerebral wall are developmentally in advance of the medial regions (Bayer and Altman, 1987; Miyama et al., 1997; Tarui et al., 2005) , by comparing the PFC to MPFC at a given age, indirectly we can gain insights into whether cocaine's effects in a given region were more (or less) evident at one developmental stage than another.
We performed the analysis of GFPϩ cell numerical densities separately in the IZ and CP/SP where many of the GFPϩ cells were located. Although many GFPϩ cells were located in the marginal zone, the GFP labeling was so intense that an accurate analysis of cell numbers in this zone became difficult even in 2.5-m-thick digital sections (Fig. 2) . Very few GFPϩ cells were found in the VZ or SVZ (Fig. 2) .
We found a significant decrease in the numerical density of GFPϩ cells in the IZ of the MPFC in the cocaine-exposed embryos compared to the saline-exposed embryos at E15 (Table 1 ,  Fig. 2 E; t ϭ 4.699, df ϭ 13, p Ͻ 0.001). The IZ of the PFC did not show significant differences in this measure at E15 (Table 1, Fig. 2 E; t ϭ 0.698, df ϭ 11, p Ͼ 0.05). At E17, when GFPϩ cell numbers had increased further (Fig. 2C,D) presumably due to continuing migration along the lateral-to-medial axis, neither the MPFC nor PFC showed significant differences in the numerical density of GFPϩ cells in the IZ (Table 1 ; Fig. 2 F) . The numerical densities of GFPϩ cells in the CP/SP did not show significant differences between the saline-and cocaine-exposed groups at E15 or E17 and in PFC or MPFC (Table 1) .
We examined whether the lateral-to-medial gradient in the distribution of GFPϩ cells observed at E13 (Fig. 1) had flattened by E17 in the saline-and cocaine-exposed embryos. We compared the differences in the numerical densities of GFPϩ cells in the IZ between the PFC and MPFC and between E15 and E17 by using one-way ANOVA. We found significant differences between the prenatal treatment groups in this measurement (F ϭ 5.188; p Ͻ 0.05). Pairwise comparisons revealed that in the saline-treated E17 embryos, the numerical density of GFPϩ cells in the PFC was not significantly different from that in the MPFC. In other words, the lateral-to-medial descending gradient in GFPϩ cell distribution that was apparent in the IZ at E13 was no longer evident at E17 in the saline-exposed embryo. However, the numerical density of GFPϩ cells in the PFC was significantly greater than that in MPFC in the E17 cocaine-exposed embryo (p Ͻ 0.05), suggesting that the cocaine exposure had prevented (or at least delayed as of E17) the flattening of the lateral-tomedial gradient in the distribution of GABA neurons.
We point out two technical considerations that might be relevant here. First, we did not find significant changes in GFPϩ cells in the CP/SP of the PFC or MPFC at E15 between the cocaine-and saline-exposed embryos. This finding contrasts our earlier data (Crandall et al., 2007) , which showed significant decreases in GABAϩ cells in the CP/SP of the MPFC. One reason for the discrepancy may be different sensitivities of the methods used to identify GABA cells: the GFP fluorescence in the present study may be more sensitive than the GABA immunohistochemistry used in the earlier study.
The second consideration is that reliance on GFP fluorescence could introduce technical artifacts because the cocaine exposure could potentially downregulate GFP expression without directly altering GABA neuron numbers or distribution. These concerns can be ruled out because of the following observations. The cocaine-induced decrease in tangential migration of GABA neurons reported here is in agreement with our earlier data using wild-type mice, in which we used DiI labeling and GABA immunohistochemistry to track migrating cells and cortical GABA neurons (Crandall et al., 2004) . Our in vitro explant data (see Fig.  6 ) also are from GFP-negative mice and show decreased cell migration from the basal forebrain of cocaine-exposed embryos.
Nkx2-1 protein expression
Previous reports have suggested that the level of expression of the homeobox transcription factor Nkx2-1 could regulate migration of neurons from the basal to the dorsal forebrain in such a way that neurons with higher Nkx2-1 expression were more likely to remain in the basal forebrain, whereas neurons that downregulated Nkx2-1 were more likely to migrate to the dorsal forebrain (NobregaPereira et al., 2008) . We found that Nkx2-1 immunohistochemical labeling intensity was higher in the basal forebrain of the cocaine-exposed E13 and E15 mice compared to their saline-exposed counterparts (Fig. 2G,J) . The increase was especially striking in the regions containing postmitotic neurons upon exit from the neuroepithelium of the MGE.
Effects on neurogenesis
The numbers of GFPϩ neurons in the dorsal cerebral wall were not significantly different between the cocaine-and salineexposed embryos by E17, despite the initial delay in the arrival of these cells from the basal to the dorsal telencephalon. Therefore, we did not expect the cocaine exposure to alter neurogenesis in the basal telencephalon, where the GABA neurons are generated. In fact, our previous studies (Crandall et al., 2007) showed that the prenatal cocaine exposure did not produce significant changes in BrdU incorporation in the E15 mouse basal forebrain.
We examined whether the prenatal cocaine exposure influenced neurogenesis in the dorsal telencephalon. We analyzed the distribution of cells expressing Tbr2, a transcription factor that selectively marks intermediate progenitor cells (precursors of cortical projection neurons) in the dorsal cerebral wall (Englund et al., 2005) (Fig. 3A-C) . We calculated the numerical density of Tbr2ϩ cells in the PFC and MPFC in coronal sections of the E15 brains (Fig. 3 B, C) . We found significant decreases in the numerical density of Tbr2ϩ cells in the cocaine-exposed embryo compared to the saline-exposed embryo in the MPFC ( Fig. 3D ; mean Ϯ SEM cells/m 2 , saline, 0.0070 Ϯ 0.0007; cocaine, 0.0050 Ϯ 0.0005; t ϭ 2.383; df ϭ 8; p Ͻ 0.05). The PFC did not show significant differences between the two groups of embryos ( Fig. 3D ; mean Ϯ SEM values, saline, 0.0071 Ϯ 0.0007; cocaine, 0.0065 Ϯ 0.0008; t ϭ 0.5027; df ϭ 8; p Ͼ 0.05). Analysis of GFP and Tbr2 double labeling confirmed that the GFPϩ cells were not Tbr2ϩ in the saline-or cocaine-exposed embryos (Fig. 3 A, B) . Therefore, the decrease in the numerical density of the GFPϩ cells in the cocaine-exposed embryos could not have contributed to the decrease in the numerical density of Tbr2ϩ cells in this group of embryos.
In additional studies, we used the Ki67-BrdU double-labeling method to count cells that became postmitotic over a 24 h period (cell output) in E13 and E15 PFC and MPFC (Fig. 3E) . We did not find significant differences in cell output between the saline-and cocaine-exposed embryos at either age or either location (Table 2 ). We analyzed the numerical density of GFPϩ cells in the IZ and the CP/SP of the PFC and MPFC in E15 (A-B) and E17 (C-D) mice. Numerical density of GFPϩ cells in the IZ showed a significant decrease in the MPFC of the cocaine-exposed group compared to the saline group at E15 (E). The PFC did not show significant differences in this parameter at E15 (E). Higher-power images of the IZ of the E15 MPFC from the saline-(A) and cocaine-exposed (B) embryos revealed fewer GFPϩ cells in the cocaine-exposed embryo. Comparison of numerical density of GFPϩ cells in the IZ of PFC and MPFC at E17 did not show significant differences between the cocaine-and salineexposed groups (F). Higher-power images of the IZ of the E17 MPFC also did not suggest significant differences in GFPϩ cell numbers betweensaline-(C)andcocaine-exposed(D)embryos.ImmunohistochemistryshowedsignificantupregulationofNkx2-1expressionin thebasalforebrainofthecocaine-exposedembryosatE13andE15comparedtoage-matchedsalinecontrols(G,H).Theupregulationwas particularly evident in striatal differentiating fields (white dotted circles). Higher magnification of the areas within the dotted circles in G shows Nkx2-1 overexpression in the E13 cocaine-exposed embryos (J) compared to the age-matched saline control (I). Error bars indicate SEM. LV, Lateral ventricle; GE, ganglionic eminence. Scale bars, 50 m. *p Ͻ 0.05. However, when we analyzed the distribution of the postmitotic cells (BrdU ϩ Ki67 Ϫ cells) within the cerebral wall by plotting their position at 10 m intervals from the ventricular surface, many such cells appeared to be located in the proliferative zones (VZ/SVZ) compared to the postmitotic zones (IZ/CP) in the cocaine-exposed embryos compared to their saline-exposed counterparts, both in the PFC as well as MPFC at E13 and in the MPFC at E15 (Fig. 4) . Statistical analysis showed that significantly greater percentage of the BrdU ϩ Ki67 Ϫ cells were present in the VZ/SVZ region of the cerebral wall in the cocaine-exposed embryos in the PFC and MPFC at E13 (Table 3) . Similarly, significantly smaller percentage of the BrdU ϩ Ki67 Ϫ cells were present in the IZ/CP region of the cerebral wall in the cocaine-exposed embryos in the PFC and MPFC at E13 (Table 3 ). The differences between the cocaine-and saline-exposed embryos in this measure were not statistically significant at E15 either in the PFC or MPFC (Table 3 ). These data suggest that migration of the postmitotic cells away from the proliferative zones (VZ and SVZ) is delayed as a result of the cocaine exposure.
Incidence of cell death
Because previous reports have suggested that cocaine can upregulate expression of genes associated with cell death (Nassogne et al., 1995 (Nassogne et al., , 1997 He et al., 1999; Novikova et al., 2005; Lee et al., 2009 ), we examined whether the incidence of apoptosis was altered by the cocaine exposure by performing TUNEL labeling in cryostat sections of the brain from the saline-or cocaineexposed E15 embryos. In agreement with our previous data , TUNELϩ profiles were not observed in the MPFC, ganglionic eminence, or striatal differentiating fields in the saline-exposed embryos ( Fig. 3F-J) . TUNELϩ profiles were also absent in these brain regions in the E15 cocaine-exposed mice (Fig. 3G-K) .
Tbr1 expression in the dorsal telencephalon
The delayed migration of postmitotic cells away from the VZ/SVZ in the Ki67-BrdU double-labeling experiments (Figs. 3E, 4) suggested that the maturation of the cells might also be delayed. To examine this possibility, we analyzed expression of the transcription factor Tbr1, which marks newly generated projection neurons of the cerebral cortex upon exit from the cell cycle and upon downregulation of Tbr2 expression (Englund et al., 2005) . When we compared the numerical density of Tbr1ϩ cells A comparison between images of MPFC from saline-and cocaine-exposed embryos shows dramatic reduction in GFPϩ cells in the latter, especially in the IZ. None of the GFPϩ cells is Tbr2ϩ in either experimental group. C, Confocal images of the IZ, SVZ, and VZ regions to show Tbr2 immunohistochemistry in the MPFC of saline-and cocaine-exposed embryos. Tbr2ϩ cells are localized predominantly to the SVZ and IZ. The MPFC of the cocaine-exposed embryo shows decreased Tbr2 labeling compared to the saline-exposed control embryo. D, Comparison of the numerical densities of Tbr2ϩ cells in the E15 PFC and MPFC shows significant reductions in this parameter in the MPFC of cocaine-exposed embryos. The PFC did not show significant differences between the two experimental groups. E, BrdU-Ki67 double-labeling method was used to quantify cell output from the E15 dorsal cerebral wall in saline-and cocaine-exposed embryos. Proliferating cells, still in cell cycle, are labeled with Ki67 alone (green) or double labeled with Ki67 and BrdU (yellow/orange), whereas postmitotic cells representing the cell output are labeled with BrdU alone (red). The latter are distributed in the IZ and CP in the saline-exposed embryo and predominantly in the IZ in the cocaineexposed embryo, suggesting a slower rate of migration from the proliferative zones (VZ/SVZ). F-M, Confocal images of coronal sections through E15 saline-and cocaine-exposed embryos (F-K ) as well as positive and negative control sections (from an adult mouse brain subjected to controlled cortical impact) (Whalen et al., 2008) processed for TUNEL histochemistry. The MPFC, GE, or striatal differentiating field (STR) did not show TUNELϩ profiles in either the saline-or the cocaine-exposed embryos. The positive control contained numerous TUNELϩ profiles, whereas negative control did not. The sections from the different groups were processed simultaneously for TUNEL histochemistry. ToPro3 (blue) was used to label nuclei. LV, Lateral ventricle. Error bars indicate SEM.
within the E15 MPFC, we found significant decreases in this measure in the cocaine-exposed embryos ( Fig. 4C,D ; mean Ϯ SEM values in MPFC, saline, 0.0135 Ϯ 0.0003; cocaine, 0.0121 Ϯ 0.0003; t ϭ 2.796; df ϭ 11; p Ͻ 0.05). If the Tbr1 expression was delayed and not permanently downregulated by the cocaine exposure, then the deficits in the Tbr1 expression seen at E15 in the MPFC would be expected to disappear at later stages of development. To address this question, we examined Tbr1 expression in the MPFC at E17 and did not find significant differences in this measure between the cocaine-and saline-exposed embryos ( Fig. 4C,D ; mean Ϯ SEM values in MPFC, saline, 0.0022 Ϯ 0.0001; cocaine, 0.0014 Ϯ 0.0004; t ϭ 1.343; df ϭ 5; p Ͼ 0.05). Collectively, these data suggest that expression of Tbr1 in the postmitotic cells is delayed and not permanently downregulated by the cocaine exposure.
BDNF protein expression
We analyzed BDNF protein expression by Western blot in samples of the basal and dorsal forebrain in the saline-and cocaine-exposed E13, E15, and E17 embryos (Fig. 5 A, B) . GAPDH expression was used to control for variation in sample loading and to facilitate quantitative comparison of BDNF expression among the different groups. BDNF expression was significantly lower in the cocaineexposed embryos compared to the salineexposed embryos in the basal and dorsal forebrain at E15 (Fig. 5C,D ; mean Ϯ SEM density values; basal forebrain, saline, 12.0 Ϯ 2.12; cocaine, 3.0 Ϯ 1.29; t ϭ 3.62; df ϭ 6; p ϭ 0.01; dorsal forebrain, saline, 22.5 Ϯ 1.32; cocaine, 8.75 Ϯ 4.03; t ϭ 3.24; df ϭ 6; p ϭ 0.02), but not at E13 or E17 (Fig. 5C,D) . We used ELISA to further verify the decrease in BDNF expression in the E15 basal forebrain. We focused on the basal forebrain because a principal goal of the study is to determine whether the cocaine exposure alters basal forebrain BDNF content and neuronal migration. Thus, verification of whether BDNF content is lower in the cocaine-exposed basal forebrain at E15 seemed critical to us. ELISA showed significant decreases in BDNF content of the cocaine-exposed E15 basal forebrain compared to the saline control ( Fig. 5E ; mean Ϯ SEM, saline, 25.9 Ϯ 2.1 pg/ml; cocaine, 7.5 Ϯ 1.3 pg/ ml; t ϭ 7.3; df ϭ 4; p ϭ 0.002).
Cell migration from explants of the basal forebrain
We examined cell migration from explants of the ganglionic eminence/striatum obtained from E13 saline-or cocaine-exposed embryos. In a subset of each type of explant, BDNF (20 or 50 ng/ml) was added to the culture medium. Visual examination of the explants that were not exposed to BDNF re- Postmitotic cells representing the cell output from proliferative zones were identified using a BrdU-Ki67 double-labeling paradigm. The relative proportion of the postmitotic cells (as a percentage of the total number of cells within a defined sector of the cerebral wall) was plotted against distance from the lateral ventricle at 10 m intervals. The broken line indicates the approximate boundary between the proliferative VZ and SVZ and the postmitotic zones. In the cocaineexposed embryo, the majority of the postmitotic cells were found within the VZ/SVZ compared to the saline-exposed embryos in the PFC and MPFC at E13 and in the MPFC at E15. C, Confocal images of coronal sections through the MPFC showing Tbr1-labeled cells. D, Comparison of the numerical density of Tbr1ϩ cells in the MPFC between saline-and cocaine-exposed embryos shows significant decreases in the cocaine-exposed embryos at E15. No significant differences are seen at E17. The numerical density of Tbr1ϩ cells decreases from E15 to E17, presumably due to expansion of the neuropil during this interval accompanied by the downregulation of Tbr1 expression in some cells. Error bars indicate SEM. Scale bars, 50 m. *p Ͻ 0.05. vealed that fewer cells had migrated away from the cocaine-exposed explant compared to the saline-exposed explant (Fig. 6, compare A,  C) . With addition of 50 ng/ml BDNF, cell migration in both types of explants was increased (Fig. 6B,D) compared to the migration in the explants that did not receive BDNF (Fig. 6A,C) . ANOVA revealed that the total numbers of migrating cells were significantly different among the experimental groups (ANOVA; F ϭ 3.81; p ϭ 0.003; n ϭ 5 per group). There were fewer cells in the cocaineexposed groups compared to the saline-exposed groups and a clear trend toward increases in the number of migrating cells as a result of addition of BDNF in both the experimental groups (mean Ϯ SEM values, saline, 96.9 Ϯ 18.3; saline ϩ 20 ng/ml BDNF, 124.3 Ϯ 91.3; saline ϩ 50 ng/ml BDNF, 225.5 Ϯ 64.5; cocaine, 63.1 Ϯ 23.3; cocaine ϩ 20 ng/ml BDNF, 85.5 Ϯ 31.9; cocaine ϩ 50 ng/ml BDNF, 122.8 Ϯ 29.5). When we compared the distribution of migrating cells as a function of distance from the edge of the explant, we found significant differences between the different experimental groups (t test, p Ͻ 0.05). The distribution of cells between the saline and cocaine groups (without exogenous BDNF) differed from each other, and the distribution of cells upon addition of BDNF was significantly different in each prenatal treatment group compared to without the exogenous BDNF. The differences were likely due to differences in the numbers of migrating cells at each 20 m interval (saline Ͼ cocaine; saline ϩ 50 ng/ml BDNF Ͼ saline ϩ 20 ng/ml BDNF Ͼ saline without BDNF; cocaine ϩ 50 ng/ml BDNF Ͼ cocaine ϩ 20 ng/ml BDNF Ͼ cocaine without BDNF). Although BDNF levels in the intact basal forebrain were significantly reduced at E15 and not at E13 by the cocaine exposure (Fig.  5C ), we used E13 basal forebrain explants in the cell migration assays. At E15, cells migrating from the basal forebrain are a mixture of multiple classes of cells (Marin et al., 2000; Anderson et al., 2001; Marin and Rubenstein, 2001; Wichterle et al., 2001 ). They include MGE-derived cells migrating to the dorsal forebrain, LGE-derived cells destined for the olfactory bulb, and MGEand LGE-derived cells that will remain in the striatum. In our previous study we had found that prenatal cocaine exposure did not affect migration of GABA neurons to the olfactory bulb. In contrast, explants of E13 basal forebrain containing the MGE and the adjacent striatal field would provide a source of MGE-derived cells that would migrate to the dorsal forebrain via the tangential neuronal migratory pathway. Moreover, cocaine-induced decreases in GFPϩ cell numbers in the dorsal forebrain were more strikingatE13thanatE15 (Figs.1,2) .Forthese reasons, we chose to use E13 basal forebrain explants in the migration assays.
Laminar position of E15-generated neurons in the P60 PFC and MPFC Since the migration of postmitotic neurons was delayed in the embryonic cerebral wall (Fig. 5) , and since Tbr1 expression also was delayed in the MPFC at E15 (Fig. 6) , we examined whether migration of E15-generated neurons to their final layer destinations in the PFC and MPFC could be affected by the prenatal cocaine exposure. We administered a single injection of BrdU on E15 to mice that were exposed to saline or cocaine from E8 to P0 and examined the distribution of the BrdU-labeled cells at P60 in the PFC and MPFC. The BrdU-labeled cells were distributed predominantly in layers II and III in the P60 PFC and MPFC in both the saline-and cocaine-exposed mice (Fig. 7) . The numerical density (number per m 2 ) of BrdU-labeled cells within Layers II-VI (entire gray matter) in the PFC or MPFC were not significantly different between the cocaine-and saline- , and E17 mice was analyzed. GAPDH expression was used as a loading control. C, D, Quantitative analysis of BDNF expression (normalized to GAPDH expression) revealed significant reduction (asterisk, p Ͻ 0.05) in expression at E15 in both the basal (C) and dorsal (D) forebrain. There was no significant change in expression at E13 or E17 in either brain region. ELISA showed significant (asterisk) reductions in the BDNF content of the basal forebrain of the E15 cocaine-exposed embryo compared to the saline-exposed control (E). Error bars indicate SEM. The proportions are expressed as percentages of the total numbers of BrdU ϩ Ki67 Ϫ cells within the cerebral wall. The boundaries between the different zones are approximate and were identified based on histological criteria. *p Ͻ 0.05. exposed P60 mice (mean Ϯ SEM number per square micrometer in PFC for saline, 0.00033 Ϯ 0.00001; cocaine, 0.00037 Ϯ 0.00005; t ϭ 0.6616; df ϭ 7; p Ͼ 0.05; mean Ϯ SEM number per square micrometer in MPFC for saline, 0.00029 Ϯ 0.00002; cocaine, 0.00022 Ϯ 0.00003; t ϭ 2.332; df ϭ 5; p Ͼ 0.05), supporting the observation that cell output was not altered at E15 in either cortical region by the cocaine exposure ( Fig. 4; Table 2 ). However, the distribution of the BrdU-labeled cells was significantly different in the upper third of Layers II-III (ϳ150 m below the pial surface and corresponding approximately to Layer II) of the MPFC between the cocaine-and saline-exposed P60 mice (mean Ϯ SEM values, saline, 0.00056 Ϯ 0.0002; cocaine, 0.00038 Ϯ 0.0002; t ϭ 3.461; df ϭ 3.0; p Ͻ 0.05), with the cocaine-exposed mice showing fewer cells in each of the three 50-m-wide bins (Fig. 7E,F) . The PFC did not show significant differences between the two experimental groups in this measurement ( Fig. 7C,D; mean Ϯ SEM values, saline, 0.00052 Ϯ 0.00003; cocaine, 0.00064 Ϯ 0.00005; t ϭ 2.059; df ϭ 3; p Ͼ 0.05). These data show that although the majority of the E15-generated cells had reached the superficial layers of the PFC and MPFC in both the saline-and cocaine-exposed mice, significantly fewer cells had migrated to upper third of Layers II-III (presumptive Layer II) in the cocaine-exposed mice. Furthermore, cocaine's effects were region specific in that they were seen in the MPFC and not the PFC.
Discussion
We show that prenatal cocaine exposure can decrease tangential and radial migration of neurons in the forebrain. The cocaine exposure also decreases forebrain BDNF protein expression. The decreases in tangential migration and BDNF content occur at E15, are transient, and are temporally coincident. Addition of exogenous BDNF enhances migration of neurons from basal forebrain explants obtained from saline-or cocaine-exposed E13 embryos. In addition, cocaine's effects on the expression of Tbr2 and Tbr1, transcription factors associated with proliferating and newly postmitotic cells in the dorsal telencephalon, are also transient. The transient nature of cocaine's effects is noteworthy because the effects disappeared even in the face of ongoing cocaine exposure. Although the decrease in tangential migration was transient, it produced lasting consequences for the distribution of GFPϩ cells in the dorsal telencephalon at E17. Cocaine's effects on radial neuronal migration also produced lasting consequences for the laminar positioning of neurons in the mature cerebral cortex. Finally, our data show that exogenous BDNF can restore at least partially the cocaine-induced decrease in cell migration in basal forebrain explants. Thus, we identify BDNF as a mediator of cocaine's effects on neuronal migration in the embryonic brain.
Our data show that cocaine exposure throughout the period of prenatal brain development (E8 to birth in mice) can produce significant but transient effects on developmental processes. Snapshots of events could yield partial and conflicting information that can only be resolved by analysis spanning the entire duration of a given developmental event. Our data also highlight the relevance of cocaine's effects on BDNF signaling for developmental processes. Until now, cocaine's effects on BDNF are known for synapse remodeling or modulation of synaptic efficacy and plasticity in the mature brain (Bolanos and Nestler, 2004; Thomas et al., 2008; Russo et al., 2009; Lobo et al. 2010) . Our findings indicate that cocaine-BDNF interactions are relevant also in early development.
In the mature drug-naive animal, cocaine exposure increases BDNF in the forebrain and midbrain (Le Foll et al., 2002 , 2005 . We show that cocaine decreases BDNF expression at E15 (Fig. 5) . These different outcomes may reflect differences in the expression and activity of the dopamine receptors under the two circumstances. Cocaine exposure beginning at E8 decreases dopamine D1-receptor expression and activity in the basal forebrain at E15 (Kubrusly and Bhide, 2010) . Activation of the D1 receptor by endogenous or exogenous ligand is sufficient to increase BDNF expression in basal forebrain neurons (Kuppers and Beyer, 2001; Iwakura et al., 2008; Williams and Undieh, 2009) . Moreover, in drug-naive animals, attenuation of the D1-receptor activity is sufficient to attenuate cocaine-induced increases in BDNF (Williams and Undieh, 2010) . Therefore, the cocaineinduced decrease in BDNF levels in the E15 basal forebrain seen here may be due to reduced D1-receptor signaling induced by the cocaine exposure (Kubrusly and Bhide, 2010 ). We do not have an explanation for the lack of changes in BDNF at E13 or E17 except for speculation that cocaine-induced attenuation of the D1-receptor signaling might not have occurred yet at E13, and that Figs. 1 and 2) . Migration is robust in explants from saline-exposed embryos (A, B) compared to the cocaine-exposed embryos. In each type of explant, addition of 50 ng/ml BDNF enhances cell migration. E, The number of migrating cells was plotted as a function of distance from the explant edge to analyze the effects of prenatal drug exposure and exogenous BDNF on the migration.
by E17, compensatory mechanisms might have been triggered to offset the reduced D1-receptor activity and BDNF levels.
Our explant culture experiments offer direct evidence that BDNF can augment migration of basal forebrain neurons in a dose-dependent manner, in agreement with previous in vivo studies (Polleux et al., 2002) . The BDNF rescued cocaine-induced decreases in migration only partially. Since BDNF modulates cell migration via trkB signaling (Polleux et al., 2002) , it is possible that the cocaine exposure decreases trkB expression or activity in the basal forebrain.
The incomplete rescue of the cell migration phenotype also could suggest involvement of other factors. Indeed, a combination of at least three factors may contribute to cocaine's effects on basal forebrain cell migration. First, cocaine upregulated Nkx 2-1 expression (Fig.  2G-J) in the basal forebrain. Upregulation of Nkx2-1 in postmitotic cells is sufficient to decrease the cells' ability to migrate from the basal to the dorsal forebrain (Nobrega-Pereira et al., 2008) . Second, prenatal cocaine exposure upregulates dopamine D2-receptor activity in the basal forebrain (Kubrusly and Bhide, 2010) , and activation of the D2-receptor is sufficient to decrease tangential migration of neurons (Crandall et al., 2007) . Finally, reduced BDNF expression in the basal forebrain could decrease tangential neuronal migration (Polleux et al., 2002) . The net effects of cocaine may also represent a combination or interaction among the three factors.
Although cocaine's effects on tangential neuronal migration were transient, the lateral-to-medial descending gradient in the distribution of the GABA neurons in the IZ of the dorsal cerebral wall that is evident at E13 and that flattens by embryonic day 17 in the saline-exposed mice persisted in the cocaine-exposed embryos at E17. Thus, subtle deficits in GABA neuron distribution may persist in the cocaineexposed embryos. Recent evidence from a rat model of prenatal cocaine exposure suggests that GABA circuits in the MPFC can be permanently altered by prenatal cocaine exposure (Lu et al., 2009 ). These persisting effects may underlie the cognitive deficits reported in children born to mothers that had abused cocaine during pregnancy (Chasnoff et al., 1989a,b; Chiriboga et al., 1993 Chiriboga et al., , 2009 Delaney-Black et al., 1996; Kosofsky and Wilkins, 1998; Eyler et al., 2009) .
The prenatal cocaine exposure also affected radial migration of neurons within the dorsal cerebral wall. An earlier study in a nonhuman primate model also reported cocaine-induced impairment in cortical neuronal migration (Lidow, 1995; Lidow and Song, 2001a) . Unlike the earlier studies, we demonstrate that the delay in the migration is evident immediately upon the neurons' exit from the proliferative zones (Figs. 3E, 4) . These early effects led to persisting changes in the laminar positioning of cells in the upper parts of Layers II-III (Fig. 7) . The effects in the nonhuman primate are much more pronounced and include blurring of the layer boundaries and accumulation of neurons in the white matter beneath layer VI (Lidow, 1995; Lidow and Song, 2001a ). The differences between the present and the earlier nonhuman primate data may reflect species differences in vulnerability to pre- Laminar destination of cells generated on E15 in the P60 PFC and MPFC in prenatally saline-or cocaine-exposed mice. A, Diagrammatic representation of a coronal section through the left hemisphere of a P60 mouse to illustrate the location of the PFC and MPFC (red boxes) and the distribution of cells (blue dots) labeled with a single injection of BrdU administered on E15. B, Numerical densities of the E15 BrdU-labeled cells within the PFC and MPFC (Layers II-VI) are not significantly different between saline-and cocaine-exposed P60 mice. C, E, Confocal images of BrdU-labeled cells (blue) in Layers II-III of the PFC (C) and MPFC (E) of prenatally saline-or cocaine-exposed P60 mice. D, F, Numerical densities of BrdU-labeled cells in the PFC (D) and MPFC (F )ofP60 mice are plotted against distance from the pial surface. The horizontal lines in C and E indicate the intervals on the horizontal axes in D and F, respectively. The distribution of the BrdU-labeled cells in the upper 150 m of Layers II-III of the PFC were not significantly different between prenatally saline-exposed and cocaine-exposed mice. However, in the MPFC, the distribution was significantly different (F, asterisk) suggesting that fewer BrdU-labeled cells had arrived in the superficial 150 m sector in the cocaine-exposed group.
natal cocaine exposure or duration of the cocaine exposure vis a vis the duration of neurogenesis and neuronal migration epochs. Nonetheless, it is interesting that in both the species, positioning of cortical neurons was affected.
The mechanisms of cocaine's effects on radial neuronal migration are not fully understood. Decreases in dorsal forebrain BDNF content could be a factor. The delayed GABA neuron migration may reduce dorsal forebrain GABA content, which could affect radial migration because GABA modulates neuronal migration (Behar et al., 1996; Bolteus and Bordey, 2004; Kriegstein, 2005) . Equally importantly, cocaine alters monoamine neurotransmitter content. These neurotransmitters also can influence neuronal migration (Riccio et al., 2009; Bhide, 2009 ). The effects of prenatal cocaine exposure on the laminar destination of E15-generated cortical neurons are similar to the effects of prenatal L-DOPA exposure , underscoring the significance of dopamine in the mediation of cocaine's effects.
Cocaine's effects on laminar positioning of cortical neurons were apparent in the P60 MPFC and not the PFC (Fig. 7) . Since the MPFC is medial to the PFC, it may mature later and may not be able to fully recover from cocaine's effects. In addition, the MPFC receives more robust dopaminergic inputs than the PFC, and may therefore be more vulnerable to cocaine's effects (Stanwood et al., 2001 (Stanwood et al., , 2005 Stanwood and Levitt, 2007) .
We did not find significant effects of prenatal cocaine exposure on neurogenesis in the dorsal cerebral wall. Our findings are in contrast to previous reports in vivo (Lidow et al., 2001; Lidow and Song, 2001a,b; Lee et al., 2008 Lee et al., , 2010 and in vitro (Zachor et al., 1994 (Zachor et al., , 2000 . At first glance, changes in the expression of Tbr2 (Fig. 3) and Tbr1 (Fig. 4) in the cocaine-exposed embryos in the present study could suggest altered neurogenesis. However, comparison of neighboring cortical areas (PFC vs MPFC) and different developmental stages (E13, E15, and E17) suggest that the decrease in Tbr2 and Tbr1 expression is transient. Moreover, direct examination of cell output using BrdU-Ki67 double labeling shows no effect on neurogenesis ( Table 2 ).
The present and previous studies of the effects of prenatal cocaine exposure on neurogenesis differed in terms of the species used (mouse in the present study and monkey or rat in the earlier studies) and the duration of cocaine exposure. However, none of the previous studies measured cell output directly. One of the previous studies (Lidow and Song, 2001b) indicated that cocaine's effects on neurogenesis in the nonhuman primate cortex were different immediately upon cocaine exposure (decrease in S-phase labeling 1.5 h after cocaine) and at later periods (increase in S-phase labeling 10 h after cocaine), pointing out fluctuations in cocaine's effects. Therefore, although changes in transcription factor or cell cycle regulatory molecules may occur following cocaine exposure (Lee et al., 2008 (Lee et al., , 2010 , these changes may be transient and the net effect on neurogenesis may not be significant.
